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ABSTRACT

In a previous study using a fully three-dimensional (3D) helical slow-wave circuit cold-

test model it was found, contrary to classical helical circuit analyses, that transverse RF electric

fields have significant amplitudes compared with the longitudinal component. The RF fields

obtained using this helical cold-test model have been scaled to correspond to those of an actual

TWT. At the output of the tube, RF field forces reach 61%, 26% and 132% for radial, azimuthal

and longitudinal components, respectively, compared to radial space charge forces indicating the

importance of considering them in the design of electron beam focusing.



INTRODUCTION

A critically important component in helical traveling wave tubes (TWT's) is the focusing

structure which keeps the electron beam from diverging and intercepting the slow-wave circuit.

Interception between electron beam and RF circuit can result in excessive circuit heating and

decreased efficiency, while excessive growth in the beam diameter can lead to backward wave

oscillations and premature saturation, implying a serious reduction in tube performance.

Electron optics codes used for designing beam focusing are typically based on balancing

diverging forces due to space charge fields, beam rotation, and transverse velocity components

due to thermal effects at the cathode and scattering from the electron gun grid. RF field

defocusing forces generated by the helical slow-wave circuit are neglected, and until recently it

was impossible to accurately represent these helical fields because of the complexity of the

circuit.

It has been demonstrated in [1 ] that using the simulation code, MAFIA (Solution of

MAxwell's equations by the Finite-Integration-Algorithm) [2, 3], cold-test helical structures can

be accurately modeled with actual tape width and thickness, dielectric support rod geometry and

materials. Of the nine modules included in the MAFIA code, results of this report were

calculated using the M (mesh generator), E (eigenmode solver) and P (postprocessor).

The accurate 3D helical cold-test model was used to investigate standard approximations

in the analysis of helical traveling-wave tube measured interaction impedance by Lagerstrom [4].

The most prominent approximations in his analysis were addressed and it was found that several

are in significant error [5]. In particular, it was found that helical RF transverse electric fields

have significant amplitudes relative to the longitudinal component. The forces due to these

transverse fields may significantly affect beam behavior. This is especially a concern near the

output of the tube where RF fields have grown substantially due to transfer of energy from the

electron beam. To investigate the significance of RF field forces on electron beam behavior, an

analysis was completed and is reported on here comparing these RF forces to radial space charge

forces near the TWT output.

The TWT used as a model is a 40 Watt, 18-40 GHz TWT for the millimeter-wave power

module (MMPM) [6]. The experimental helix slow-wave circuit includes rectangular, tungsten,

helical tape supported by T-shaped BeO rods inside a conducting barrel as shown for the end

view in Figure 1. The operating parameters for the tube are shown in Table I. The specific

results presented here apply only to the mentioned TWT; however, these results can serve as a

general guide for similar devices, and the computational techniques are readily applicable to

other TWT's.
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Theconceptof RF defocusing fields is not new and has been observed by several

investigators [7, 8, 9, 10, 11 and 12]. However, previous work has been based on greatly

simplified models or limited experimental measurements. To obtain unrestricted information

regarding transverse RF fields, an accurate 3D helical model is necessary, and this has not been

available until recently.

T-shaped BeO

Rectangular support rod

tape hel

Figure 1 Hughes MMPM helical slow-wave circuit

Table I Operating parameters for the Hughes 8916H helical TWT

Frequency (GHz) 26.0

Vo (kV) 7.6

Io (mA) 81.0

14.0Pi. (dBm)

Po,.,t(dBm) 46.6

SIMULATION AND ANALYSIS

The helical circuit is simulated using MAFIA by modeling one helical turn with

resolution of 36 x 115 x 48 mesh units in the radial, azimuthal and axial directions, respectively.



The quasi-periodic boundary condition is applied at the longitudinal ends, permitting the user to

choose a fixed phase advance per turn in the axial direction and allowing the frequency to be

obtained at any axial phase shift. The azimuthal electric field amplitudes at the beam radius, b,

and 0 = 0, obtained using MAFIA and normalized to the maximum value of longitudinal electric

field are plotted in Figure 2 versus longitudinal distance for the Hughes MMPM helical TWT

slow-wave circuit. The beam radius is assumed to be half of the helix average radius (b = a/2).

From the plot, it can be seen that Eo is nontrivial, amounting to about 10% of Ezm_ at 13L = 30

degrees (8.75 GHz) and about 3_0% _at-13L = 150 d__eg_rees(4_2:2_6 GHz): .....
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Figure 2 Azimuthal electric field amplitude normalized to the maximum value of

longitudinal electric field as a function of z at r'=b and 0 = 0

The radial field amplitudes at the beam radius and 0 = 0, normalized to the maximum

value of longitudinal electric field are plotted in Figure 3 versus longitudinal distance. From the

plot, it can be seen that Er is nontrivial, amounting to about 30% of Ez,,ax at 13L = 30 degrees (8.75

GHz) and about 68% at 13L = 150 degrees (42.26 GHz).
As an estimate of the effect that the azimuthal and radial electric fields have on

defocusing the electron beam, a comparison of RF transverse field forces to radial space charge

forces has been completed. The eigenmode solver of MAFIA uses an arbitrary excitation level;

thus, electric fields in Figure 2 and Figure 3 must be scaled to the TWT operating parameters of

interest. The defocusing effect of RF fields at the input of the tube will be negligible, thus we

focus on the output. The scale factors between simulated and actual RF fields at the tube output

are derived as follows.
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Figure 3 Radial electric field amplitude normalized to the maximum value of longitudinal

electric field as a function of z at r=b and 0 = 0

The general relationship

P = Wvx Equation 1

is used where P is time averaged RF power flow, vg is group velocity and w is time averaged

stored electromagnetic energy per unit length. The group velocity can be calculated from the

dispersion curve obtained using MAFIA [13]. Assuming a constant pitch to simplify the

calculations, Ko and vg will be the same for the simulated circuit and at the output of the actual

tube. The change in pitch when a velocity taper is implemented will cause K0 and vg to vary

slightly, but we neglect this variation here. The respective relationships for RF power flow can

be expressed as

Pout : wo.t Vg

PA_:. = WMaFVg

Equation 2

The RF power flow at the output of the actual tube Po,, is given in Table I. The RF power flow in

the simulated circuit PMAFcan be calculated from (1) as the energy, wM_, is calculated directly by

the code. Therefore, energy at the output of the tube can easily be determined and expressed in

terms of simulation energy by a scale factor Aou,, or

Wo, , = Ao,,,WA_I.. • Equation 3

The stored electromagnetic energy per unit length is proportional to the electric field squared

integrated over the circuit volume, or



2•w,., _ e E,,,,, dv

w_u F - g E_u v dv

Equation 4

where Eou, and EMA F designate total RF electric field at the output of the tube and for the

simulated circuit, respectively. If the energy differs by a scale factor this leads to

E2,,,,, = A,,,,, E2Mm." • Equation 5

So that

Eo. t = _ EA_4/. • Equation 6

Thus, the magnitude of electric fields obtained using MAFIA can easily scale to be

commensurate with values that are present at the output of the experimental tube. Using

appropriate values from the experimental tube listed in Table I, electric field values at 26 GHz

and at the beam radius were calculated for the output of the 8916H TWT as shown in Table II. It

should be noted that the MAFIA fields are calculated in the absence of a beam, but the electron

beam will have a relative permittivity slightly less than one, thus perturbation on actual RF fields

due to the beam will be minimal.

In order to compare the forces due to the RF electric fields at the output of the tube to

space charge forces, the radial space charge field is calculated at the boundary of a beam having a

circular cross section and radius b as [14]

E_.c - I° Equation 7
2re b _ o lao

where Io is the beam current, and go and _-toare the free space permittivity and permeability,

respectively. Assuming a beam radius to helical average radius ratio of 0.5, the scaled values of

the electric field at the output are normalized to this value of space charge field in Table II.

Radial, azimuthal and axial electric fields at the output reach 61%, 26% and 132% of the space

charge field, respectively. Since the force on a charge q to an electric field E can be expressed

as F = -qE, the forces from the RF fields will amount to the same percentages compared to

space charge forces. The significance of these forces indicates the importance of including these

fields in helical TWT beam focusing design codes. From Figure 2 and Figure 3 it can be seen

that radial and azimuthal components of electric field become stronger with respect to the

longitudinal component as the frequency is increased. Thus, the effect of RF fields on beam

optical properties will be more significant with increasing frequency. Additionally, it is well

known that the strength of transverse RF components in a helical circuit increases with radius

indicating more of an effect with larger beam radius as well.

Table II Scaled MAFIA RF Electric Field Values at 26 GHz and r=a/2=b



Component Scaledto Output ERr/ Eric at

(V/m) Output

Er 97,364 0.61

E0 42,394 0.26

E_ 211,969 1.32

CONCLUSION

The advent of an accurate 3D helical TWT slow-wave circuit model allowed for

calculation of RF field forces and comparison to radial space charge forces showing a significant

contribution. The forces due to radial, azimuthal and axial electric fields at the tube output reach

61%, 26% and 132% of space charge forces, respectively, at 26 GHz for the device studied. This

effect is expected to increase with frequency and beam diameter. These results can be

generalized to indicate implementation of RF field effects in beam optics codes, particularly near

the output of the tube, could provide meaningful insight allowing improved beam-focusing

designs by reducing beam-circuit interception. In addition, most TWT interaction codes such as

[15] neglect the azimuthal component of RF electric field, and often the spent beam data from

these interaction codes are used as the basis of collector design. Existence of the azimuthal

electric field component, however, will increase the transverse energy of the electron beam and

modify this spent beam behavior. Thus, including transverse RF field effects could aid in

optimal multistage depressed collector design.

A more quantitative study is being completed using the 3D particle-in-cell solver of

MAFIA to determine how RF fields affect beam characteristics such as radius, scallop, ripple,

percent transmission and tunnel emittance as a function of length and frequency.
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